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IntroductIon
Small interfering RNA (siRNA)-mediated gene silencing is a potential therapeutic strategy for human diseases. For clinical use, however, barriers such as instability, renal clearance, and poor cellular uptake associated with systemic administration of naked siRNA need to be overcome. 1 Chemical modification of the nucleic acid backbone has been used to improve the stability and alter biodistribution of siRNA. For example, phosphorothioate-modified oligonucleotides can be used to improve cellular uptake and improve circulatory half-life and biodistribution 2,3 whilst, incorporation of locked nucleic acid (LNA) molecules that contain methylene bridge connecting the 2′-oxygen with the 4′-carbon has been shown to increase serum stability and reduce off-target gene regulation. 4, 5 Small internally segmented interfering RNA (sisiRNA) composed of an antisense strand (AS) and two shorter 10-11 nucleotides sense strands is fully functional with the ability to accommodate more heavily modified ASs than standard siRNAs, which is important for in vivo applications. 6 Other chemical approaches for siRNA include conjugation of functional groups to improve cell or tissue specific targeting. For instance, cholesterol-conjugated siRNA has been shown to increase serum protein binding, alter the biodistribution and reduce urinary excretion. Silencing endogenous genes with cholesterol-conjugated siRNA demonstrates improved systemic activity through chemical modification strategies. 7 Nanoparticle formulation is another strategy to improve the pharmacokinetic properties and maximize the siRNA payload at target sites. Various cationic polymer (polyplexes) and lipidbased (lipoplexes) nanoparticles formed by self-assembly with nucleic acids have been developed. 8, 9 For example, the use of polyethylenimine (PEI) and chitosan nanoparticles in addition, to lipoplexes have been shown to facilitate siRNA-mediated gene silencing in vivo. [10] [11] [12] [13] [14] [15] In contrast to DNA polyplexes, the circulatory half-life and biodistribution of siRNA polyplexes has not been extensively conducted.
In this study, we compare the effect of chemical modification (LNA-modified siRNA, phosphorothioate, and sisiRNA, or cholesterol-conjugated siRNA), and nanoparticle formulation on siRNA stability, blood clearance, and biodistribution in mice. Additionally experiments were performed to study the effect of siRNA dose. The siRNA was detected directly by radioactive labeling or indirectly by northern blotting to allow a true determination of siRNA integrity. results chemical modification effects on blood clearance and biodistribution A range of siRNAs with different chemical modifications and conjugations were prepared (refer to Table 1 for nomenclature). siRNAs were intravenously (i.v.) injected into mice (N = 2) at a concentration of 400 µg/kg. Three different detection strategies were used for siRNA analysis postinjection: scintillation count of radiolabeled siRNA or direct gel electrophoresis and northern analysis of total RNA. For the direct labeling method, [γ-32 P] adenosine triphosphate 5′-labeling of AS allowed temporal detection of siRNA in whole blood over 1, 5, 15, 30 minutes, and 24 hours, and organs at 30 minutes and 24 hours. Scintillation counts in whole blood samples at different time points are shown in Figure 1a . The lightly LNA-modified siRNA (siLNA-light) and sisiRNA duplexes were rapidly removed from the bloodstream with ~60-80% decline at 5 minutes (relative to 1-minute time point) and ~90 and >95% at 15 and 30 minutes, respectively, with ~1% remaining at 24 hours. In contrast, ~80% of the cholesterolconjugated siLNA light (siRNA-Chol) remained in the circulation at 5 minutes and decreased to ~50% at 30 minutes.
To investigate siRNA integrity, 2 µg of total RNA from whole blood was analyzed on a denaturing polyacrylamide gel and labeled AS strand visualized by autoradiography. As shown in Figure 1b , unmodified siRNA duplex was rapidly and completely degraded 1 minute after injection. In contrast, the modified duplexes, showed a gradual reduction of band intensity in a time-dependent manner with intact siRNA still present after 30 minutes. The absence of degradation products suggests that LNA modifications can significantly reduce the susceptibility to nuclease degradation and increase stability in the bloodstream. A phosphorothioate-modified siRNA (siRNA-Thio) appeared to have a similar blood clearance profile, whereas, circulation of siRNA-Chol was significantly prolonged in the blood with <60% decrease over 30 minutes, although not detectable after 24 hours.
Clearance of naked siRNA from the blood is associated with excretion via the kidney or distribution to systemic organs. The radioactivity level of the siLNA, sisiRNA, and siRNA-Thio reached the highest in the kidney after 30 minutes, 6-8 times higher than in other organs. At 24 hours, the level of radioactivity decreased about five times in the kidney, but was maintained at the same level in other organs. In contrast, siRNA-Chol showed higher levels in all organs, especially the liver both at 30 minutes and 24 hours after injection (Figure 2a) .
Similar to blood, we found that intact siRNA detected by gel analysis in different organs at 30 minutes for the modified duplexes. For the siLNA-light, sisiRNA, and siRNA-Thio, the highest intensity was found in the lung and kidney, followed by the heart with lowest level in liver and spleen. Relatively equal levels were detected in all organs for the siLNA-heavy. For siRNA-Chol, the highest intensity of intact siRNA was found in the spleen at 30 minutes, with relatively equal levels in other organs. The signal was undetectable for unmodified siRNA at any time point, which correlates with the rapid degradation detected in the blood. After 24 hours, only the siLNA-heavy and siRNA-Chol was detected in the lungs (<5% intensity compared to 30 minutes) (Figure 2b) .
To investigate the effect of siRNA concentration on clearance rate and biodistribution, dose-dependent experiments were performed with 10-, 100-, or 250-µg siLNA-light per mouse (Figure 1a,b) . A similar blood clearance rate and tissue distribution pattern was found for all three doses, although the absolute radioactivity counts were increased in a dose-dependent manner in blood samples and organs (Figures 1a,b and 2a,b).
We collected urine samples from one mouse of each group and measured the radioactivity by scintillation counting. The urine/blood (U/B) ratio at 30 minutes showed a dose-dependent increase ~300-, 600-, and 1,200-fold for LNA 10, LNA 100, and LNA 250 µg, respectively, suggesting that increasing the siRNA concentration led to a relatively higher rate of excretion (Figure 3) . The observed increase in AS in the kidneys at the highest dosing furthermore adds support for relatively greater siRNA renal excretion at higher siRNA doses.
The drawback to siRNA detection by the means of a 5′-phosphate is possible phosphate removal or exchange with nonradioactive phosphates by phosphatases and kinases. To address this problem, we performed northern blotting on the same filters that were used for blotting of the labeled oligos. The two assays were performed 4 months (eight half-lives) apart to ensure that no detectable radioactivity was remaining on the filters. The result from the northern blotting revealed a very similar pattern to that obtained using the direct detection method, suggesting that a 5′-end labeled phosphate is a robust marker for siRNA biodistribution in mice. A typical example of a northern blot is shown in Figure 4c for siLNA-light. 
Pharmacokinetics of nanoparticle-based sirnA vectors
Nanoparticles composed of siLNA-light duplexes in combination with chitosan, JetPEI, or lipids were formulated and evaluated for in vivo stability and biodistribution using northern analysis. Clear differences were found among the different formulations (Figure 4a-c) .
For liposomal/siRNA, there was slow clearance with 30% remaining in the bloodstream after 30 minutes compared to intensity at 1 minute. No siRNA, however, could be detected in the blood after 24 hours (Figure 4a,b) . Liposomal formulation facilitated uptake of siRNA in the lungs five-to tenfold compared to other organs, with 5% of 30-minute levels still present at 24 hours (Figure 4c ).
JetPEI/siRNA yielded a strong AS signal at 1 minute but ~80% of this AS was rapidly cleared over the next 4 minutes and then seems more constant later on (Figure 4a,b) . The AS could be detected in the blood, even after 24 hours, as a degraded product, at <1% of 1-minute intensity. Similar to the liposomal formulations, greater levels were found in the lung (two-to tenfold) than the other organs, which exhibited similar amounts (Figure 4c) . A slight increase was observed in the liver compared to the kidney, similar in effect to cholesterol conjugation (Figure 2b) . One surprising observation was that intact siRNA could be detected in all organs at 24 hours, at ~5-10% of the intensity observed at 30 minutes (Figure 4c) . Chitosan prolonged the blood circulation time to 65% after 5 minutes but only ~5% remained at 30 minutes and ~1-2% at 24 hours (Figure 4a,b) . Chitosan did, however, alter the organ distribution patterns with pronounced accumulation in the kidney (Figure 4c) . At 30 minutes, the intensity of intact siRNA in kidney was much stronger than other organs, showing a tenfold and 100fold increase compared to lung and spleen, respectively. It was calculated to be ~7-8% of the total amount of injected siRNA based on weight of kidneys, the total RNA obtained and the intensity of samples and the control. The level in the kidney remained very high even after 24 hours, ~1.5-2% of injected amount (~15-20% of the level detected at 30 minutes). Detection of siRNA was also observed in the lungs at 24 hours, (~1-2% measured at 30 minutes) but in much lower level (<1%) than the kidney at 24 hours. This result suggests that chitosan/siRNA complexes preferentially accumulate in the kidneys whilst circumventing rapid glomerular filtration observed for naked siRNA.
Intraperitoneal (i.p.) administration was used to investigate the effect of administration route on the biodistribution of chitosan/siRNA complexes. siRNA was detected in the blood at 1 minute, and increased at 5 minutes, reaching a maximum at 15 minutes (set as 100% for clearance curve) (Figure 5a,b) . The levels thereafter gradually declined and at 24 hours only a degraded product was observed. An extremely high siRNA concentration was present in the peritoneal fluid at 30 minutes, ~150-fold higher than the blood at same time points that suggests retention within the peritoneal cavity. Approximately, a two-to fivefold higher signal was present in the peritoneal fluid than blood at 24 hours (Figure 5a ). Intact siRNA was only observed in the kidneys and lungs with weak signals in the intestines up to 30 minutes (Figure 5c) , with no signal detectable in any organs at 24 hours. Kidney levels at 30 minutes for the i.v. dose shown in Figure 4c exhibited ~10-to 20-fold increase compared to kidney accumulation after i.p. administration (Figure 5c ).
dIscussIon
This work provides a comparative study showing to what extent chemical modification and siRNA design, including siLNA-light, siRNA-Thio, sisiRNA, and siRNA-Chol, as well as nanoparticle delivery can influence siRNA circulatory half-life, biodistribution, and stability. Chemical modifications have been used previously for optimizing thermal/enzymatic stability and cellular delivery of siRNA molecules. 16, 17 In vivo factors such as interaction with plasma proteins and degradation by serum ribonucleases are major barriers to systemic stability. 2 We found that unmodified siRNA showed degradation in blood 1 minute after i.v. administration, restricting the likelihood of accumulation within peripheral organs. In contrast, all the chemically modified siRNA could be detected in the blood and most organs at 30 minutes postinjection. Reduction in kidney glomerular filtration 18 is required in order to improve the circulatory half-life and concomitant siRNA dissemination into the organs. 19 Previous work in mice has shown 123 I-labeled unmodified siRNA distributed to the kidney and liver 1 minute after i.v. injection peaking at 5 minutes (ref. 2) . In another study, siRNA has shown rapid clearance to kidney and excretion into urine in rats. 20 Similar observation was also obtained by de Wolf et al. 21 In agreement with those reports, we observed six-to eightfold higher radioactivity levels in kidneys than other organs at 30 minutes for the majority of the siRNA duplexes.
We found that the siRNA circulatory half-life could be extended to 30 minutes by cholesterol conjugation. In work by Soutschek, 7 the circulatory half-life of siRNA in rats was increased 15-fold by cholesterol conjugation attributed to interaction with human serum albumin. We found widespread tissue distribution of intact Chol-modified siRNA at 30 minutes but at 24 hours only in the lung, in contrast to continued distribution at 24 hours reported by Soutschek. This could reflect the extremely high dose of 50 mg/kg used in the Soutschek study in contrast to the comparatively low amount of 400 µg/kg used in our work. Our findings do, however, support pharmacokinetic improvements at more clinically relevant doses. The effect of LNA modification on tissue distribution could also account for lung accumulation observed in our work.
Increased siLNA-light dose did not significantly affect blood clearance or alter the biodistribution pattern but did increase the relative renal excretion rate. This advocates the use of low siRNA doses to maximize the ratio of retained and excreted siRNA and to minimize possible undesirable kidney damage side effects. 19 In our study, three different siRNA detection strategies were used: scintillation counting and direct autoradiography on gels or northern blotting. Our results show that intact siRNA levels obtained by the two latter methods do not correlate with the total 32 P-radioactivity levels. For example, no significant differences were observed for blood clearance and biodistribution pattern between unmodified and chemically modified siRNA by scintillation counting. However, a rapid degradation of unmodified siRNA was seen at 1 minute postinjection and chemically modified siRNAs could be clearly detected by gel electrophoresis in blood and organs at 30 minutes postinjection. Although, at 30 minutes, duplexes showed highest radioactivity concentration in kidneys, the strongest intensity of intact siRNA was found in lungs. In addition, there was a stronger radioactive count in purified RNA from liver and spleen than other organs at 24 hours (data not shown), but intact siRNA could only be seen in the lung on the gel (Figure 2b) . To address the possibility of end label removal by phosphatases in vivo, we performed northern blotting on filters after 32 P disintegration. A clear correlation was observed in the northern both in terms of specificity and overall intensity that promotes the use of northern blotting rather than the direct radioactivity labeling method widely used in nucleic acid pharmacokinetic studies. Other available methods may be also considered in the future studies, such as high-performance liquid chromatography and positron emission tomography imaging. 22, 23 For quantification of siRNA, Q-RT PCR has become a popular method. 24 However, an LNA modification at 3′-end of the siRNA inhibits polyadenylation, which generally is the initial step in this approach (S. Gao and J. Kjems, unpublished data). Hence, the Q-RT-PCR approach is not suitable for this study.
In this study, we compare the cationic polymers, chitosan and JetPEI, and a polyethylene glycolated (PEGylated) liposomal formulation. We found that JetPEI/siRNA formulations showed a rapid blood clearance 1-5 minutes after injection, although, some degradation products at 24 hours were observed. This rapid removal from the circulation for nonmodified polyplexes agrees with previous studies. 25, 26 Postmodification, with hydrophilic polymers is the common approach used to improve the circulatory half-life by making the polyplex "stealth-like" and avoid hepatic clearance by reducing phagocytic capture by cellular components of the mononuclear phagocyte system. 25 In our experiments, however, JetPEI facilitated equal distribution of intact siRNA throughout all organs even at 24 hours, albeit at the low levels. The ability to retain siRNA integrity through chemical modification could, circumvent the necessity for high levels for biological silencing effects. Effective gene silencing has been shown previously for nonmodified particles 27, 28 and i.p. administered JetPEI. 29, 30 The slightly higher accumulation in the lung at 30 minutes may reflect the exposed cationic charged-surface that can result in protein-mediated nanoparticle aggregation 26 and subsequent physical capture within pulmonary capillary beds. Changing the physical properties of polycations such as charge and molecular weight and NP ratio may also be used to alter biodistribution. In a study by Thomas et al., 31 a fully deacylated linear PEI exhibited more accumulation into the lung attributed to increased polyplex stability resulting from greater ionic interactions with polymers possessing high cationic amino charge density. We have previously utilized the mucoadhesive properties of chitosan for nanoparticle-based siRNA pulmonary delivery and gene silencing. 9, 13, 32 In this work, we found that chitosan extended the circulatory half-life of siRNA, somewhat surprising given the high cationic charged-surface that can interact with serum proteins, 33 cellular surfaces, and connective tissue. Chitosan-coated polyisohexylcyanoacrylate nanoparticles, however, have been shown previously to reduce subcutaneous tumor growth after i.v. administration. 34 We show an increase in siRNA stability and a very pronounced accumulation at 24 hours in the kidney after i.v. injection. Previous reports have shown kidney accumulation of chitosan 35 and chitosan/DNA complexes 33 but this is the first report to our knowledge of siRNA delivery to the kidney using a nanoparticle system. This accumulation could reflect the mucoadhesion of chitosan to the mucosal epithelium lining the kidney and could be exploited for RNAi-based treatments for renal diseases. This is in contrast to renal clearance of siRNA shown with other vectors that may be a consequence of particle instability. 23, 36 As an alternative to i.v., the i.p. route showed accumulation within the peritoneal cavity. The retention of this chitosan formulation within a serum-free environment allows nanoparticles to enter resident peritoneal macrophages in an intact form and has been exploited in our lab for delivery of antitumor necrosis factor-α siRNA into macrophages as a targeted anti-inflammatory therapy. 37 Lipoplexes have previously been shown to increase stability and improve biodistribution of siRNA 14, 15 and have been utilized in vivo to induce interference in the mouse vascular endothelium within different organs including lung, liver, and heart. 38 A PEGylated liposome developed by Regulon (Athens, Greece) 39 has been used in our studies. This liposome formulation showed an improved circulatory half-life within the first 30 minutes, however, not as pronounced as the JetPEI or chitosan over 24 hours, surprising considering the PEGylated nature of the liposomal formulation. This may reflect the degree of PEGylation and stability of the liposomes compared to the polycationic formulations. An increased uptake into the lung indicates an insufficient PEG coat resulting in serum-induced aggregation leading to pulmonary capillary bed 38, 40 or macrophage 41 capture shown previously for liposomes. Additionally, the larger hydrodynamic radius of the liposome formulation (>500 nm) in comparison to the polycation systems (~300 nm) could contribute to lung deposition.
Our comprehensive investigation compares the effects of chemical modification and nanoparticle formulation on siRNA stability, blood circulation, and tissue distribution. This work demonstrates the noncorrelation between siRNA integrity and radioactivity promoting the application of our nonradioactive method for sensitive detection of intact siRNA in blood and organs. We found a requirement for LNA, phosphorothioate, and sisiRNA modifications for improved stability of siRNA to avoid rapid degradation observed with the unmodified siRNA. Furthermore, accumulation of intact siRNA was only found for siLNA-heavy and siRNA-Chol in the lungs 24 hours postinjection. Relevant to clinical applications, relatively low doses of modified siRNA allow biodistribution modulation. Nanoparticle formulations improved blood stability and biodistribution compared to naked siRNA. Additionally, in this work we have reported for the first time, use of chitosan/siRNA nanoparticles for extended siRNA accumulation in the kidney that may have potential for treatment of renal diseases with RNAi therapeutics.
MAterIAls And Methods
siRNA duplex preparation. For radioactive labeling siRNA the AS were labeled at the 5′-end in a 100-µl reaction containing ~30 µg single-strand siRNA, 10 µl [γ-32 P] (7,000 Ci/mmol) adenosine triphosphate, 5 µl T4 polynucleotide kinase, and 10 µl polynucleotide kinase reaction buffer (New England Biolabs, Beverly, MA) at 37 °C for 0.5 hours. The reaction was stopped by adding 1-µl 0.5 mol/l EDTA (pH 8.0) and run through a G50 spin column (Roche, Basel, Switzerland) to remove unincorporated [γ-32 P] adenosine triphosphate, prior to annealing. siRNA duplexes were prepared by annealing equimolar concentrations (20 µmol/l) of the sense and antisense siRNA in 5× annealing buffer (150 mmol/l HEPES, pH 7.6, 500 mmol/l KCl, 0.05 mmol/l MgCl 2 ) at 95 °C for 1 minute and at 37 °C for 1 hour. The duplexes were purified on 15% native polyacrylamide gel run at 4 °C, excised by radiography or UV-shadowing, eluted in 0.3 mol/l NaOAc (pH 6.0) overnight at 4 °C, phenol and chloroform extracted, and precipitated with 2½ vol. ethanol. The siRNA was diluted to 10 µg in a final volume of 200-µl 1× phosphate-buffered saline per mouse before injection. A small fraction was kept for further analysis. Nanoparticle formulation. Chitosan (MW 160 kd, 80% deacetylation; Bioneer, Hørsholm, Denmark) and JetPEI (Polyplus-transfection, Illkirch, France), and PEGylated liposomes (Regulon) 39 were used for the formulations containing siLNA-light siRNA. Preparation of liposomal and JetPEI/siRNA (NP 8) was performed according to the suppliers instructions and chitosan/siRNA complexes (NP 10) reported previously. 32 Briefly, liposomes: 5 µl siRNA (10 µg) was added to 195 µl liposome solution and incubated for 5 minutes at 37 °C. JetPEI: 5 µl siRNA (10 µg) in 45 µl water and mixed with 50-µl 10% glucose (solution A) and 2 µl in vivo
